1-,3-D-ribofuranosyl-1,2,4-triazole-3-carboxam-
ide) has been shown to inhibit the multiplication of several animal viruses (la, 17) . It can obviously be phosphorylated to the mono-, di-, and triphosphate within mammalian cells (11) . The monophosphate inhibits a cellular inosine 5'-monophosphate (IMP) dehydrogenase (EC 2.1.1.14) (19) . This effect has been assumed to be the basis for the antiviral activity of ribavirin (11) .
On the other hand, it has been demonstrated that the synthesis of influenza virus proteins is inhibited at concentrations of ribavirin that do not suppress cellular protein synthesis (12) . This could be explained if influenza virus ribonucleic acid (RNA) polymerase was selectively affected, resulting in a decrease in influenza virus messenger RNA. It has recently been reported that the synthesis of both virion RNA and complementary RNA (cRNA) is suppressed at ribavirin concentrations that do not block cellular RNA synthesis (18) .
The present study describes experiments which reveal a selective inhibition of influenza virus RNA polymerase by ribavirin 5'-triphosphate (RTP). An analysis of the kinetics of inhibition and inhibition in the presence of dinucleotides has been carried out.
MATERIALS AND METHODS Viruses. Influenza virus type A2 strain Aichi 2/68 was obtained as infected allantoic fluid from Statens Bakteriologiska Laboratorium, Stockholm, Sweden, and the virus was purified according to the method of Pons and Hirst (15) , except that the purified virus was not treated with ribonuclease. Purified virus, 2 to 3 mg/ml, was kept frozen in aliquots at -70°C.
The Indiana serotype of vesicular stomatitis virus (VSV) was grown in HeLa cells and purified as described by Roy and Bishop (16) .
Enzymes. Calf thymus RNA polymerase A and B (EC 2.7.7.6) were prepared according to Kedinger et al. (7), calf thymus deoxyribonucleic acid (DNA) polymerase a (EC 2.7.7.7) was purchased from Worthington, Freehold, N.J., and Escherichia coli RNA polymerase type II (EC 2.7.7.6) and Micrococcus luteus DNA polymerase (EC 2.7.7.7) were obtained from Sigma, St. Louis, Mo.
Chemicals and isotopes. Activated calf thymus DNA for the M. luteus and the calf thymus DNA polymerase assays was prepared according to Fansler and Loeb (4). E. coli Q-13 DNA for the E. coli RNA polymerase assay was prepared according to Marmur (10 luteus DNA polymerase, 85 U/mg, 8.9 ,ug/125 ul; thymus DNA polymerase a, 2.5 U/200 ,ul; VSV RNA polymerase, 37 U/mg, 10 ,ug/125 ,l.
Chromatographic procedures. Two chromatographic systems were used. In system A, silica gel thin-layer plates (Merck) were chromatographed in 2-propanol-concentrated aqueous ammonia-water (7:1:2). The eluted plates were sprayed with methanol containing 10% sulfuric acid and 2% p-methoxybenzaldehyde followed by heating at about 1100C. In system B, PEI-cel 200 thin-layer plates (Macherey-Nagel, 20 by 20 cm) were chromatographed in 1.4 M lithium chloride and then sprayed with a mixture of 5 ml of 60% (wt/wt) perchloric acid, 10 ml of 0.1 M hydrochloric acid, 25 ml of 4% (wt/vol) ammonium molybdate, and 60 ml of water.
RESULTS
Purity of the tested inhibitors. Ribavirin (mp, 166 to 168°C, literature mp, 166 to 1680C [20] ; system A, Rf = 0.41) and RMP (system B, Rf = 0.70) were chromatographically pure. The sample of RTP contained some minor impurities.
A Table 2 ). Figure 1 shows the dose-response curve for inhibition of influenza virus RNA polymerase with RTP.
Competitive effect of purine triphosphates. The mechanism of inhibition of influenza virus RNA polymerase by RTP was studied by varying the concentration of nucleoside triphosphates in the polymerase assay system. The Lineweaver-Burk plots obtained for ATP, GTP, CTP, and UTP are presented in Fig. 2 . RTP shows a competitive type of inhibition with varying concentrations of the purine triphosphates ATP and GTP ( Fig. 2A and B) . No competitive inhibition was found when the concentrations of the pyrimidine triphosphates CTP and UTP were varied (Fig. 2C and D) . /ruses (la, 17) . Earlier reports about the func- (14) and as also shown in Fig. iS a selective Fig. 4 . CTP-It has been suggested that the influenza ApG dRt. The tresu own in. Fi. 4 . cRNA initiates with adenosine and guanosine whenater tra .ns for inta Le- (8 (Fig. 4) . It could not be established whether the inhibition is competitive with respect to the dinucleotide. This may be due to the fact that the lag period before RNA synthesis assumes a linear rate varies with the concentration of the dinucleotide. It has not yet been determined whether RTP also inhibits the cytoplasmic influenza RNA polymerase synthesizing virion RNA, nor is it known whether the diphosphate has any inhibitory activity.
The lack of inhibition of calf thymus DNA polymerase a and RNA polymerase I and II by RTP has also recently been observed by Muller et al. (13) .
It remains to be established whether the inhibition of influenza virus RNA polymerase by RTP also controls influenza virus replication in the infected cell. Considering the facts that both influenza virus RNA and protein synthesis are selectively inhibited by ribavirin (12, 18) , it is entirely possible that the prevention of influenza virus multiplication depends on a selective inhibition of the RNA polymerase by the ribavirin metabolite RTP.
The suggested mechaniism for inhibition of influenza virus RNA polymerase does not exclude concomitant effects by inhibition of IMP dehydrogenase.
